INTRODUCTION
One of the tasks left after the completion of the various genome projects is to ascertain the function of the sequenced genes. When the Saccharomyces cerevisiae genome by using oligo 5'-GGGGTACCAATTATGAGAGCTTTGGCATATTTC-3' that hybridizes at the 5' end of the gene and carries a KpnI restriction site, and the oligo 5'-GCGGAATTCTTACTTCATTTCACCGTGATTGTTAG-3' that hybridizes at the 3' end and carries an EcoRI restriction site. The amplification started with a "hot start", that was followed by 5 cycles of 1 minute at 95 °C, 1 minute at 57 °C and 90 seconds of extension at 72 °C. This initial phase was followed by 25 more cycles of 1 minute at 95 °C, 1 minute at 60°C and 90 seconds of extension at 72 °C at the end. The PCR reaction mixture contained: 1 U of Vent DNA Polymerase, 1 µM of each primer, 200 µM of each dNTP and 2 mM 
Enzyme assays.
Enzyme activities were determined spectrophotometrically by measuring the change of absorbance at 340 nm and 25 °C, corresponding to the oxidation of , 5-methyl phenazine methosulfate (0.1 mg/ml) and nitrotetrazolium blue chloride (0.2 mg/ml).
Gas-liquid chromatography. GLC analyses were performed in a Shimadzu GC-14B gas chromatograph, equipped with a chiral column Supelco β-DEX TM 120, 30 m length, 0.25 mm inner diameter, He as carrier gas (2.4 ml/min) and a flame ionization detector (275 °C).
The following temperature program was used: isotherm at 75 °C for 8 min, 2 °C /min ramp to 85 °C and isotherm at 85 °C. A standard mixture of 40 mM (3R/3S)-acetoin; 7.5 mM (2S,3S)-2,3-butanediol; 9.5 mM (2R,3R)-2,3-butanediol and 7 mM meso-2,3-butanediol, was prepared by dissolving the pure compounds in 30 mM sodium phosphate buffer, pH 7. One volume of the standard mixture was extracted with one volume of ethyl acetate, and 1 µl of the organic phase was applied to the chiral column. This extraction protocol was repeated three times, showing that the recovery of the compounds was over 70% after the first extraction, and that the relative percentages of the recovered compounds were similar for each extraction step. The reagents and products of the enzymatic reaction mixtures were extracted with ethyl acetate previously to the analysis by GLC. When BDH was overexpressed in the yeast strain WV36-405, we found that 30% of the activity of BDH was lost from the lysate fraction after 2 hr at 4 °C (in 20 mM potassium phosphate, pH 6.8, with 0.5 mM DTT). The initial activity was retained, however, in the presence of the same extraction buffer containing 30% glycerol. We decided, therefore, to overexpress and purify the enzyme from a protease-deficient yeast strain (BJ5459), using 30% glycerol in the buffers of all the purification steps. In addition we had to develop a rapid protocol to purify the enzyme. Essentially, the homogenate was fractionated with an hydroxyapatite column, followed by dye-ligand chromatography and by a gel-filtration column. Table I shows the results of a typical purification experiment starting with 34 g of BJ5459[pYes2-YAL060W] cells. A major step in purification was the dye-ligand chromatography. The efficiency of the step was due in part, to the strong binding of BDH to the column. An NADH gradient did not elute the enzyme, but eliminated other dehydrogenases. A high ionic strength was needed to elute BDH. After the gel filtration step the resulting enzyme was homogeneous, as detected by a single band in the SDS-PAGE and native polyacrylamide gel electrophoresis ( Figure 2C ). This last chromatographic step was also important to eliminate NADH that, otherwise, would inhibit the oxidative reactions. The increase in specific activity after the gel filtration chromatography (Table I) is, mostly, a consequence of the NADH elimination, since the preparation was already free from extraneous proteins after the dye-ligand chromatography ( Fig 2C) . The pure enzyme was stable when kept at -80 °C with 30% glycerol, for over 1 month.
RESULTS

Search for zinc-containing alcohol dehidrogenases in
Molecular weight of BDH. Gel filtration of the pure enzyme on a Superdex 200 HR
column, showed a Mr of about 81.800 (Fig 2A) . When a sample of the pure enzyme was loaded in a native polyacrylamide gel, and subjected to electrophoresis, a mobility pattern very similar to the one shown by pure yeast glutathione-dependent formaldehyde dehydrogenase (FALDH), was obtained ( Fig 2B) . Given the close isoelectric point of BDH (pI= 6.9) and of FALDH (pI=6.7) (35) , and the known Mr (80,000) of FALDH, this technique also supports a molecular weight of about 80,000 for the native BDH. Analysis by SDS-PAGE showed a protein band of approximately 41,000 (Fig 2C) , consistent with the predicted Mr of BDH protein sequence (41, 530) . We conclude that the native BDH is an homodimer composed of two subunits of Mr 41,000.
Substrate specificity and kinetic properties.
BDH catalyzed the oxidation of several Moreover, the Km for NADH was 10-fold lower than that for NAD. Therefore, the enzyme would preferentially function as a reductase rather than as a dehydrogenase.
Stereospecificity of BDH.
Some experiments were carried out in order to unambiguously demonstrate the specificity of the enzyme in the oxidation-reduction processes of the 2,3-butanediol/acetoin interconversion. In the first place, we developed a GLC analytical system able to efficiently separate substrates and products of the reaction. The retention times of the substrates and products were: t R (3R)-acetoin, 9.9 min; t R (3S) acetoin, 10.6 min; t R (2S,3S)- acetoin was, as expected, the only product obtained. Moreover, the absence of (3S)-acetoin among the products of this reaction, provides an additional information: no racemization is occurring at all under the employed experimental conditions. Concerning the reduction process, when a racemic mixture of (3R/3S)-acetoin was incubated in the presence of BDH and NADH ( Figure 3D ), a completely enantioselective reduction of the carbonyl groups leading to an R alcohol took place. Thus, a product mixture of (2R,3R)-2,3-butanediol (arising from (3R)-acetoin) and meso-2,3-butanediol (arising from (3S)-acetoin) was obtained. Although both acetoins were substrates for the enzyme, the R isomer was considerably more reactive, since the final reaction mixture is enriched in the (3S)-acetoin (Fig. 3D) , as compared with the initially identical concentrations of both isomers . Controls, performed for all experiments at identical conditions, but without BDH, showed no significant conversion (less than 3%) to the corresponding products. When these extracts were analyzed on an isoelectrofocusing gel and stained by activity with (2R,3R)-2,3-butanediol and NAD + , a clear induction of the enzyme was observed ( Figure 4 ).
The maximum cell density reached with the FY834α yeast strain was 1.2x10 8 cells/ml when it was grown on 2% glucose, and 1.2x10 7 cells/ml when it was grown on 2,3-butanediol.
Disruption of the YAL060W gene. The disruption of the YAL060W gene was confirmed by PCR of genomic DNA of the transformed strains (Fig. 5) , and by isoelectrofocusing analysis and measurement of the (2R,3R)-2,3-butanediol dehydrogenase activity of the corresponding yeast extracts. Thus, the size of the PCR band resulting from the selective amplification of the genomic YAL060W locus with two primers that hybridize in the coding region of YAL060W , was longer in the disrupted strain than in the wild type. This is due to the fact that the size of the TRP1 gene introduced is longer than the 360 bp fragment eliminated from the coding region of YAL060W (Fig. 5) . Moreover, isoelectrofocusing analysis showed no (2R,3R)-2,3-butanediol dehydrogenase activity band in the disrupted strains as opposed to the one shown by the wild type strain (not shown). The disruption of the gene was not lethal
for Saccharomyces cerevisiae, although the cell density attained in the stationary phase by the disrupted strain grown in 2,3-butanediol (mixture of isomers) was half of the density attained by the wild type strain. 
The YAL060W S. cerevisiae gene product, BDH, catalyzes the NAD + dependent oxidation of ( 2R,3R)-2,3-butanediol and meso-2,3-butanediol to ( 3R)-acetoin and ( 3S)-
acetoin, respectively, as well as the corresponding reverse reactions. A chiral column that could resolve the three 2,3-butanediol isomers and the two acetoin isomers, was used to demonstrate the stereospecificity of the enzyme. The GLC profiles indicated that the
oxidation of meso-2,3-butanediol yielded (3S)-acetoin, (showing the specificity towards the secondary alcohol in R configuration), while the reduction of (3R/3S)-acetoin yielded (2R,3R)-2,3-butanediol (from (3R)-acetoin), and meso-2,3-butanediol (from (3S)-acetoin).
This demonstrated that the reduction of the carbonyl from acetoin yielded also the R configuration of the corresponding alcohol. It has also been shown that the rate of the reduction of the carbonyl depends on the configuration of the vicinal alcohol, being greater if it is in R configuration than in S configuration. This is also true for the oxidation reaction, since the kcat value for the oxidation of meso-2,3-butanediol is approximately two thirds of the value found for the oxidation of (2R,3R)-2,3-butanediol. As many other 2,3-butanediol dehydrogenases, BDH can also reduce diacetyl to acetoin. pneumoniae, (47-49)) have characteristics of the SDR family of enzymes. Only one known example in prokaryotes, the 2,3-BDH from Pseudomonas putida (PpBDH), corresponds to an MDR enzyme (37) . It shows a 36.5% identity (and 45.6 % similarity) with BDH ( Fig. 1 A) , reported that Saccharomyces cerevisiae does not have α-acetolactate decarboxylase, it still can produce diacetyl from α-acetolactate by spontaneous oxidative decarboxylation (57,58).
Moreover, the yeast has at least two NADPH dependent diacetyl reductases that can reduce diacetyl to (3R)-acetoin and (3S)-acetoin (59).
In Pseudomonas putida, the gene coding for 2,3 butanediol dehydrogenase is part of the acetoin dehydrogenase operon that allows this bacterium to grow on 2,3-butanediol (37) . S. cerevisiae can also grow on 2,3-butanediol as a sole carbon and energy source, and the yeast shows a more than three fold increase in the BDH content when it grows in the presence of this compound. These data suggest that the enzyme here reported is needed in both, the fermentation giving 2,3-butanediol from acetoin, and under oxidation conditions allowing the yeast to use 2,3-butanediol as a carbon and energy source.
The fact that the strain with the YAL060W gene disrupted could still grow in 2,3-butanediol (mixture of isomers) indicates that S.cerevisiae has other enzymes that can metabolize 2,3-butanediol. We are, currently, using the YAL060W disrupted yeast strain to study the induction of other genes by 2,3-butanediol.
A potential use of BDH would be in the synthesis of chiral acetoinic pure compounds 
